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Proliferation of vascular smooth muscle cells under inflammation
is regulated by NF-kB p65/microRNA-17/RB pathway activation
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Abstract. Inflammation and excessive proliferation of vascular
smooth muscle cells (VSMCs) have key roles in various
vascular disorders, including restenosis, atherosclerosis and
pulmonary artery hypertension. However, the underlying
mechanism remains unclear. The present study investigated the
role of nuclear factor-kB (NF-xB) and microRNA (miRNA)
in the regulation of VSMC proliferation under inflammatory
conditions. It was demonstrated that miR-17 stimulated the
proliferation of VSMCs, enhanced cell cycle G1/S transition,
and increased levels of proliferating cell nuclear antigen and
E2F1. By directly targeting the retinoblastoma (RB) protein
mRNA-3' untranslated region, miR-17 suppressed the expres-
sion of RB. Activation of NF-kB p65 resulted in increased
miR-17 expression in VSMCs, whereas inactivation of NF-kB
p65 resulted in decreased expression of miR-17 in VSMCs.
NF-xB p65 signalling directly regulates miR-17 promoter
activity. NF-xB p65 activation also suppressed RB expression,
which was abrogated by miR-17 inhibitor. Taken together, the
present results indicated that VSMC proliferation is regulated
by activation of the NF-kB p65/miR-17/RB pathway. As NF-xB
p65 signalling is activated in and is a master regulator of the
inflammatory response, the present findings may provide a
mechanism for the excessive proliferation of VSMCs under
inflammation during vascular disorders and may identify
novel targets for the treatment of vascular diseases.

Introduction

Excess proliferation of vascular smooth muscle cells (VSMCs)
results in vascular remodelling and serves a key role in several
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vascular disorders, including restenosis (1,2), atheroscle-
rosis (3) and pulmonary artery hypertension (4). However,
the molecular mechanism underlying VSMC proliferation
remains unclear.

Inflammation is a key response to the damage in vascular
diseases (5-8). Clinical studies have demonstrated that
inflammation is a marker for predicting internal carotid
artery restenosis following eversion endarterectomy (9). The
transcription factor nuclear factor-kB (NF-«B) is activated in
and is a master regulator of inflammatory responses (10). It
has been reported that NF-kB serves a key role in restenosis;
NF-«B decoy may suppress restenosis following percutaneous
coronary intervention (11) and attenuates in-stent restenosis in
hypercholesterolemic rabbits (12). However, the mechanism
by which VSMC proliferation is regulated by NF-xB during
inflammation remains unclear.

MicroRNA (miRNA) are a type of non-coding RNA
that regulate cellular functions (13). Studies have indicated
that miRNA may have roles in vascular restenosis (14,15).
miRNA-21 mediates thrombospondin-1-induced VSMC
migration and proliferation (16) and serves a role in the
proliferation of platelet-derived growth factor-induced human
aortic vascular smooth muscle cells (17). miR-21 has been
applied in attempts to treat restenosis (18,19). miR-17 belongs
to the miR-17-92 cluster (20,21). Studies have revealed that the
miR-17-92 cluster promotes VSMC proliferation in a murine
model (22) and mediates inhibition of VSMC proliferation via
bone morphogenetic protein receptor type 11 (BMPR?2) (23).
The Smad3/miR-17-92/BMPR2 pathway (23) and downregula-
tion of the miR-17-92 cluster by thrombospondin-1 (24) serve
important roles in the regulation of VSMC proliferation and
function. However, it remains unknown how miRNA mediate
the regulation of VSMC proliferation during inflammation
through activation of NF-«xB.

The present study investigated the molecular mechanism
responsible for VSMC proliferation under inflammation. It
was demonstrated that overexpression of miR-17 stimulated
VSMC proliferation, enhanced cell cycle G1/S transition
and increased levels of E2F1 and proliferating cell nuclear
antigen (PCNA). miR-17 targeted retinoblastoma (RB) protein,
which is a key regulator of cell cycle progression and prolif-
eration (25,26). p65 controlled the expression of miR-17 and
suppressed RB expression, which was abrogated by miR-17
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inhibitor. The present data indicated that activation of the
NF-kB p65/miR-17/RB pathway resulted in VSMC prolifera-
tion. This finding may identify the mechanism responsible for
the excess proliferation of VSMCs under inflammation, and
miR-17 may be a novel target for controlling several vascular
disorders, including restenosis, atherosclerosis, and pulmonary
artery hypertension.

Materials and methods

Cell culture and treatment. The VSMC (T/G HA-VSMC)
and 293T cell lines were obtained from the American Type
Culture Collection (Manassas, VA, USA). All types of cells
were cultured on poly-(L-lysine)-coated plates/format discs
(Sumitomo Bakelite Co., Ltd., Tokyo, Japan) in Dulbecco's
modified Eagle's medium (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% fetal bovine
serum (HyClone; GE Healthcare Life Sciences, Logan, UT,
USA), 100 U/ml penicillin and 100 mg/ml streptomycin in a
humidified atmosphere with 5% CO, at 37°C.

Bioinformatics analyses. To examine which cell cycle-regu-
lating factor is a potential target of miR-17, cell cycle-regulating
factors were surveyed for potential sites targeted by miR-17
using RNAhybrid (bibiserv.cebitec.uni-bielefeld.de/rnahy-
brid/), miRBase (mirbase.org/) and TargetScan (targetscan.
org/vert_71/). Transcription factor prediction was performed
using RNAhybrid. The potential target was selected based
on conservation of the binding region and the strength of the
predicted interaction.

Transfection and reporter luciferase activity assay. VSMCs
and 293T cells were seeded on 6-well plates at a density of
6x10° cells/cm? and cultured overnight in a humidified atmo-
sphere with 5% CO, at 37°C. Cells were then transfected
with 20 nM miR-17 mimic or 20 nM inhibitor or 20 nM
control miRNA (Guangzhou RiboBio Co., Ltd., Guangzhou,
China) using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. After
24 h, cells were collected for western blotting and reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR)
analyses.

To construct the pGL3-RB-3' untranslated region (3'UTR),
the full length 3'UTR of the human RB mRNA was cloned into
the pGL3-control vector (Promega Corp., Madison, WI, USA).
To construct the miR-17 promoter reporter genes, the DNA
fragment upstream of the transcription start site of the miR-17
gene was inserted into the pGL3-basic vector (Promega Corp.).
For luciferase reporter assays,293T cells were transiently trans-
fected with miR-17 mimics and Renilla-luciferase reporter
plasmids (Promega Corp.) containing the pGL3-RB-3'UTR
(with the binding region: AGGCGCUU) or pGL3-RB-3'UTR
MUT (with the mutant binding region: UUCGUGAA) using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.). After 48 h, cells were collected and reporter gene
activity was determined using the dual-luciferase assay system
(Invitrogen; Thermo Fisher Scientific, Inc.). Renilla luciferase
activity was used for normalization of transfection efficiency.
Reporter luciferase activity assay was also used to assess the
function of NF-kB p65 regulating miR-17 promoter activity.

There were three NF-kB p65 binding sites in the regulatory
sequence of the miR-17 gene.

MTT assay. Cells were seeded on 96-well plates at a density
of 3x10° cells/well and allowed to grow in the growth medium
for 24 h in a humidified atmosphere with 5% CO, at 37°C.
Following transfection with miR-17 mimic or inhibitor and
control for 48 h, cells were incubated with 5 mg/ml MTT
for 4 h. Subsequently, dimethyl sulfoxide (100 ul/well) was
added. The absorbance at 570 nm was then measured using an
enzyme-linked immunosorbent assay (ELISA) reader (Autobio
Diagnostics Co., Ltd., Zhengzhou, China). Experiments were
repeated at least three times.

RT-gPCR analysis. Total RNA was isolated from experimental
cells using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. A cDNA library was
generated through reverse transcription using 5X reaction buffer,
RNase-free water, dNTPs, enzyme inhibitor, MMLV reverse
transcriptase (Takara Bio, Inc., Otsu, Japan) and specific RT
primers of miRNA (Guangzhou RiboBio Co., Ltd.). The RT
conditions were as follows: 42°C for 60 min followed by 95°C for
5 min, then immediate cooling to 4°C. The expression levels of
mature miRNA were determined using EXiLENT SYBR®-Green
master mix (Takara Bio, Inc.). U6 small nuclear RNA was used
as an internal control. Primers of miR-17 and U6 were purchased
from Guangzhou RiboBio Co., Ltd. The qPCR conditions used
were as follows: 95°C 10 min for polymerase activation/denatur-
ation, 95°C for 10 sec and 60°C for 1 min with ramp rate 1.6°C/sec
for 40 amplification cycles. To determine the relative levels of
RB transcripts, RT-qPCR was performed under the following
conditions, with glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) as an endogenous control: RT conditions of 25°C
for 10 min, 50°C 15 min, 85°C for 5 min, followed by immediate
cooling to 4°C; qPCR conditions of 95°C for 10 min for poly-
merase activation/denaturation, 95°C for 10 sec and 60°C for
1 min for 40 amplification cycles. An ABI PRISM 7500 Fast
Real-time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) was used to amplify and detect the specific prod-
ucts. The following PCR primers were used: RB forward,
5'-AAGGAGACAAGTTCGCATGT-3' and reverse, 5'-GCC
GGTAATTGTCGTAGTTT-3"; and GAPDH forward, 5'-CCA
TGTTCGTCATGGGTGTGAACCA-3' and reverse, 5'-GCC
AGTAGAGGCAGGGATGATG TTC-3'. The fold change for
each miRNA and RB transcript relative to the control was calcu-
lated using the 244°4 method (27).

Western blotting. Nuclear extracts were isolated from human
VSMCs using a Nuclear and Cytoplasmic Protein Extraction
kit (Nanjing Keygen Biotech Co., Ltd., Nanjing, China). For
western blot analysis, VSMCs were homogenized in radioim-
munoprecipitation assay buffer and nM phenylmethylsulfonyl
fluoride (Beyotime Institute of Biotechnology, Haimen, China).
The protein concentration was determined according to a
bicinchoninic assay (BCA) standard curve using a BCA
Protein assay kit (Beyotime Institute of Biotechnology).
Proteins (30-50 ug) from each cell lysate were mixed (4:1)
with 5X sample buffer (Beyotime Institute of Biotechnology).
A total of 30 ul protein and buffer mixture were loaded and
resolved using 10% sodium dodecyl sulfate-polyacrylamide
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Table I. Primary and secondary antibodies used in western blotting.

Type of antibody Antibody Supplier details Cat. no.
Primary po5 Cell Signaling Technology, Inc., 8242
RB Danvers, MA, USA ADb181616
PCNA Abcam, Cambridge, MA, USA Ab92552
E2F1 Ab179445
H3 Cell Signaling Technology, Inc., 4499
GAPDH Danvers, MA, USA Ab8245
Secondary Goat anti-rabbit IgG H&L (HRP) Abcam, Cambridge, MA, USA Ab6721
Rabbit anti-mouse IgG H&L (HRP) Abcam, Cambridge, MA, USA ADb6728

RB, retinoblastoma; PCNA, proliferating cell nuclear antigen; IgG, immunoglobulin G; HRP, horseradish peroxidase; GAPDH, glyceralde-

hyde 3-phosphate dehydrogenas.

gel electrophoresis (SDS-PAGE). Proteins were transferred
onto polyvinylidene difluoride membranes by electroblotting.
Membranes were blocked with QuickBlock (Beyotime Institute
of Biotechnology) at room temperature for 15 min and then
incubated with an appropriate dilution of p65,RB,PCNA,E2F1,
H3 and GAPDH antibodies (1:1,000-1:2,000) overnight at 4°C.
The membranes were then incubated with secondary antibodies
conjugated to horseradish peroxidase at room temperature
for 1 h. Antibody details are presented in Table I. Detection
was performed using an enhanced chemiluminescence kit
(cat. no. 32209; Thermo Fisher Scientific, Inc.). Proteins were
detected with Chemi Genius 2 via GeneSnap software 7.02
(Syngene, Frederick, MD, USA), and relative intensities of
the protein bands were analysed using Imagel 1.47 software
(National Institutes of Health, Bethesda, MD, USA).

Flow cytometric analysis. All experimental cells were
harvested by trypsinization, washed in ice-cold phosphate-
buffered saline (PBS) three times, and fixed in 75% ice-cold
ethanol in PBS overnight. Before staining, the cells were
centrifuged (200 x g for 5 min at 4°C), and then resuspended
in ice-cold PBS containing RNase A (0.2 mg/ml). Cells were
incubated at 37°C for 30 min and then stained for 10 min at
room temperature with 400 ul propidium iodide (Nanjing
KeyGen Biotech Co., Ltd., Nanjing, China). Finally, samples of
10,000 cells were analysed on a FACSCalibur cytometer and
data collected using CellQuest 3.1 software (BD Biosciences,
San Jose, CA, USA).

Statistical analysis. Data were analysed using SPSS 16.0
(SPSS, Inc., Chicago, IL, USA). Results were presented as
mean =+ standard deviation. Two-tailed Student's t-tests were
used for comparing data between two groups. One-way
analysis of variance was used to compare differences among
groups, followed by least significant difference post hoc tests.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-17 directly targets the RB gene. The bioinformatics
analyses indicated a potential site for miR-17 in the RB

mRNA-3'UTR (Fig. 1A). To confirm that this site was an
actual target of miR-17, 293T cells were co-transfected with
luciferase reporter plasmid constructs that contained the RB
mRNA-3'UTR or RB mRNA-3'UTR mutant (MUT) (Fig. 1B)
and miR-17 mimic (miR-17) or inhibitor (miR-17 inhi), and the
luciferase activity was determined. The results demonstrated
that miR-17 significantly suppressed the expression of the
luciferase reporter gene directed by the wild-type (WT) RB
mRNA-3'UTR compared with the expression in the miR-nega-
tive control (NC) group (P<0.01) (Fig. 1C). However, miR-17
did not significantly suppress the expression of the luciferase
reporter gene directed by RB mRNA-3'UTR MUT compared
with the miR-NC (Fig. 1D). Overexpression of miR-17 mimic
resulted in a significant increase in the miR-17 expression
level compared with the expression level induced by miR-NC
(P<0.01) (Fig. 1E), and overexpression of miR-17 inhi signifi-
cantly decreased the endogenous miR-17 level in VSMCs
compared with the level induced by inhi-NC (P<0.05) (Fig. 1F).
The level of RB mRNA in VSMCs was significantly decreased
by treatment with miR-17 mimic compared with the levels in
the miR-NC group (P<0.01) and significantly increased by
treatment with miR-17 inhibitor compared with the levels
in the inhi-NC group (P<0.01) (Fig. 1G). This finding was
consistent with that of western blotting (Fig. 1H). These results
indicated that miR-17 suppressed RB expression by directly
targeting the RB mRNA-3'UTR in VSMCs.

miR-17 stimulates VSMC proliferation and enhances cell
cycle G1/S transition. To determine whether miR-17 serves a
role in regulating VSMC proliferation, the effect of miR-17
on cell viability, cell cycle progression and the expression
of cell cycle-regulating factors PCNA and E2F1 was exam-
ined. The results demonstrated that VSMC proliferation was
significantly stimulated by miR-17 mimic in a dose-dependent
manner compared with the proliferation level in the miR-NC
group (P<0.05) (Fig. 2A). Compared with the miR-NC
group, overexpression of miR-17 (miR-17 group) significantly
increased the number of cells that entered the S phase and
decreased the number of the cells in the G1 phase, whereas
downregulating the expression of miR-17 (miR-17 inhi group)
markedly decreased the number of cells that entered S phase
and increased the number of cells in the G1 phase (Fig. 2B).
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Figure 1. miR-17 directly targets the RB gene. (A) The target sites and free energy of binding between miR-17 and RB mRNA-3'UTR predicted by RNA
hybrid and miRBase targets. (B) Schematic for the luciferase reporter plasmid constructs that contained the RB mRNA-3'UTR or MUT RB mRNA-3'UTR.
(C) miR-17 suppressed expression of the luciferase reporter gene directed by the RB mRNA-3'UTR WT. (D) miR-17 did not suppress expression of the
luciferase reporter gene directed by the RB mRNA-3'UTR MUT. (E) The levels of pri-miR-17 in miR-17 mimic-transfected cells. (F) The levels of miR-17 in
miR-17 inhi transfected cells. (G) Expression of RB protein in VSMCs was decreased by overexpression of miR-17 mimic but not by overexpression of miR-17
inhi. The expression of RB protein was determined using an immunocytochemistry assay. (H) Expression of RB protein in VSMCs was decreased by overex-
pression of miR-17 mimic but not by overexpression of miR-17 inhi. The relative expression levels were quantitated using densitometry. Representative results
were obtained from three repeats. "P<0.05 and “"P<0.01 vs. miR-NC; “P<0.05 and *P<0.01 vs. inhi-NC. miR, microRNA; RB, retinoblastoma; UTR, untrans-
lated region; MUT, mutants; WT, wild-type; inhi, inhibitor; NC, negative control.

The levels of PCNA and E2F1 protein were significantly
increased in VSMCs transfected with miR-17 mimic compared
with the levels in those transfected with miR-NC (P<0.05).
The miR-17 inhibitor had the opposite effect on the levels of
these proteins, and significantly reduced the expression levels
compared with the levels in those transfected with inhi-NC
(P<0.05) (Fig. 2C). These results suggested that overexpres-
sion of miR-17 stimulated VSMC proliferation and enhanced
cell cycle progression through promoting G1/S transition by
increasing the levels of PCNA and E2FI.

NF-xB p65 subunit induces miR-17 transcription by binding
its promoter elements. Previous studies have demonstrated that
exogenous miR-17 mimic and inhibitor regulated RB protein
level and VSMC proliferation (28,29). To further investigate
the endogenous mechanism of regulation of miR-17, the poten-
tial binding sites for p65 in the upstream regulatory region
of miR-17 were investigated and three potential p65 binding
sites were identified around -1698, -1442 and -827 bp (relative

to the transcription start site) in the regulatory sequence of
the miR-17 gene (Fig. 3A). To determine whether these sites
mediated the regulation of miR-17 expression by p65, lucif-
erase reporter genes driven by the upstream regulatory DNA
of miR-17 that contained all or some of the potential p65
binding sites were constructed (Fig. 3B). These constructs and
p65cDNA WT expression plasmid or p65cDNA loss-of-func-
tion MUT expression plasmid were co-transfected into 293T
cells, and the reporter luciferase activity was determined.
The results demonstrated that the expression of the reporter
genes containing p65 binding sites was significantly upregu-
lated by pcDNA3.1-p65 compared with the levels induced by
pcDNA3.1 in 293T cells (P<0.05) (Fig. 3C). The magnitude
of the upregulation was related to the number of potential p65
binding sites contained in the reporter constructs.

Following transfection with different amounts of p65
cDNA and Lipofectamine, the level of p65 protein was upreg-
ulated compared with the level in the control group (Fig. 3D).
To determine whether NF-kB p65 signalling regulates miR-17



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 41: 43-50, 2018 47

A 20 B
k=3
= dek Jede O oetris O Debris
= Aggregates Aggregates
g 1.5 * g M pip 61 =2 M Dip 61
= B cipc:z M pip G2
£ 10 58 OpS 53] S oips
= E £
S os 2 &
E =3 C}-
© g0 R 8
&+ » & &
& v = Y T T T y ©
¥ .Q-'é-' —— 30 80 90 120 150 4 30 . 60 80 130 150
6\‘ miR-17 Channels (FL2-A) Channels (FL2-A)
C (‘\“\ BIanI(EI . mlR-NE(I:
N e Debris g Debris
‘. %(l ch ";\ ‘8_- O agaregates “ Ll aggregates
.\Q.’ q: - - Dip G1 =% M pipGt
Qi\ « \0 ("\\ (0 21 M oipc2 - B oipG2
5o £ oips -8 E oips
PCNA | . £%3 £
Z2 Ea]
g- Zx
[=]
E2F1 | N R = e~ R 8
0 30 .80 €0 120 150 TR ap - 80 1% ko
GAPDH | s .. - — chamas Lz Af Channels (FL2-A)
inhi-NC miR-17
S  2.57 =3 Blank BN G OS 362
p I miR-NC EXI miRA7 B o e 3 1004
5 S 2.0 ™ inhiNC EZ2 miRA7 inhi 2] B opo: £
= 2 . Ll a Dip G2 § 804
= * * 9] Dip S E
5o 1.54 53 5 ol
x £ -g o
1y (=]
:g' 1.0 # 223 E 40
> 3
® T 0.5 #t 81 g 204
= @
X 0.0 o7 e o
. 90 120 150
PCNA E2F1 0 oninels (FLz-A) &

miR-17 inhi

Figure 2. miR-17 stimulates proliferation of VSMCs. (A) miR-17 mimic stimulated proliferation of VSMCs. VSMCs were transfected with miR-17 mimic,
and cell proliferation was determined using MTT assay. (B) Regulation of cell cycle progression in VSMCs by miR-17. The proportions of cells in each cycle
were examined using flow cytometry. (C) The expression levels of cell cycle-regulating factors PCNA and E2F1 were regulated by miR-17. The protein
levels were determined using western blotting. Representative results were obtained from three repeats. "P<0.05 and “P<0.01 vs. miR-NC; #P<0.05 and
#P<0.01 vs. inhi-NC. miR, microRNA; VSMCs, vascular smooth muscle cells; inhi, inhibitor; NC, negative control; PCNA, proliferating cell nuclear antigen.
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expression, the miR-17 levels in VSMCs transfected with
p65 cDNA were examined (Fig. 3E). The miR-17 expression
level was also significantly increased in VSMCs transfected
with p65 cDNA in a dose-dependent manner compared with
0 ug p65 cDNA/O pul Lipofectamine group (P<0.05) (Fig. 3E).
These results indicated that activation of NF-xB p65 signal-
ling induced an increase in miR-17 levels in VSMCs.

NF-kB/p65 activation decreases RB level through miR-17 in
VSMCs. The present study demonstrated that the expression of
miR-17 is directly regulated by NF-xB p65 activation and that
miR-17 suppressed the RB levels by direct targeting. These
data suggested that NF-kB p65 signalling decreased the RB
levels in VSMCs through induction of miR-17 expression. To
determine whether RB expression was actually regulated by
NF-«kB p65, RB expression in VSMCs transfected with p65
cDNA was examined. The results demonstrated that RB levels
were significantly decreased in VSMCs treated with p65 cDNA
compared with the levels in those treated with Lipofectamine
only (P<0.01) (Fig. 4A). RB levels were decreased in VSMCs
by activating NF-«B p65. These results suggested that activa-
tion of NF-«kB p65 reduced RB levels.

In order to further verify whether p65 activation inhibited
RB expression through miR-17, the p65 and RB protein levels
in VSMCs following treatment with miR-17 inhi and p65
cDNA were examined. The results revealed that RB protein
levels were significantly increased in VSMCs following treat-
ment with miR-17 inhi (miR-17 inhi vs. inhi-NC, P<0.01);
however, this trend was weakened following overexpres-
sion of p65 (miR-17 inhi vs. miR-17 inhi + pcDNA3.1-p65,
P<0.05) (Fig. 4B). These results suggested that decreases in
miR-17 levels elevated RB levels suppressed by NF-kB p65
activation, supporting a model that activation of NF-kB p65
reduced RB levels through miR-17 in VSMCs under inflam-
mation, as represented by the schematic in Fig. 4C.

Discussion

Excess proliferation of VSMCs and inflammation have a key
role in several vascular disorders; however, the underlying
mechanism remains unclear. The present study demonstrated
that miR-17 was the most highly induced miRNA in prolif-
erating VSMCs and overexpression of miR-17 stimulated
VSMC proliferation, enhanced cell cycle G1/S transition and



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 41: 43-50, 2018 49

increased levels of E2F1 and PCNA. NF-xB p65 signalling
activated the expression of miR-17, and miR-17 targeted RB,
which is a key regulator of cell cycle progression and prolif-
eration (25,26). p65 activation resulted in suppression of RB
expression, which was abrogated by miR-17 inhibitor. These
data suggest that NF-kB p65/miR-17/RB pathway activation
leads to the proliferation of VSMCs. These findings may
indicate a novel mechanism for restenosis and suggest a novel
target for restenosis treatment or prevention.

Transcription factor E2F1 activates the expression of
genes that promote DNA synthesis during cell cycle progres-
sion (30,31). PCNA is important for DNA synthesis and DNA
repair (32). It is well known that RB is a negative regulator
of E2F function in the regulation of cell cycle progression
and proliferation (33). Activation of E2F1, E2F2 and E2F3a
promotes cell cycle progression and proliferation by stimu-
lating the expression of S phase genes (25,26,34,35). In the
present study, miR-17 suppressed RB expression by directly
targeting the RB mRNA-3'UTR. Overexpression of miR-17
decreased RB levels, releasing E2F1, which in turn promoted
the transition from Gl1 to S phase of the cell cycle. Consistently,
a previous study indicated that E2F3 promotes VSMC prolif-
eration (36). How miR-17 increases the levels of E2F1 and
PCNA requires further investigation.

It has been demonstrated that p65 disrupts the physical
interaction between the activator E2Fs and the histone acet-
yltransferase cofactor transactivation/transformation-domain
associated protein, resulting in a reduction in E2F-responsive
gene expression in normal human fibroblasts. This leads to
inhibition of cell cycle progression in an RB-independent
manner (37). In the present study, it was indicated that NF-xB
p65 signalling directly activated the expression of miR-17, which
directly targeted RB expression in VSMCs. Therefore, NF-xB
p65 signalling may regulate cell cycle progression and prolifera-
tion through RB-dependent and -independent pathways.

Interplay between NF-kB and miRNA has important roles
in cell growth and proliferation (13,38). As a transcription
factor, NF-xB regulates the expression of miR-143, which
enhances hepatocellular carcinoma metastasis by repressing
fibronectin expression (39). In the present study, it was demon-
strated that miR-17 levels were increased by activation of
NF-«kB p65 signalling and decreased by inactivation of NF-kB
p65 signalling in VSMCs. NF-kB p65 signalling directly regu-
lates the miR-17 promoter activity, likely through potential p65
binding sites in the upstream regulatory region of the miR-17
gene. These data indicated that miR-17 expression is directly
regulated by NF-xB p65 signalling. The present study also
indicated that activation of p65 decreases the levels of RB,
which is a direct target of miR-17. Furthermore, suppression of
RB expression by activation of p65 was abrogated by miR-17
inhibitor in the present study. These findings support that p65
may regulate gene expression, and cell growth and proliferation
by modulating the expression levels of miRNA, such as miR-17.

Taken together, the results of the present study suggest that
miR-17 expression is highly induced in proliferating VSMCs.
Overexpression of miR-17 stimulates the proliferation of VSMCs,
likely via enhancing cell cycle G1/S transition by increasing
the levels of E2F1 and PCNA. p65 activates the expression of
miR-17 at the transcription level, and miR-17 directly targets
RB, a key regulator of cell cycle progression and proliferation,

through interaction with E2Fs. NF-kB p65 signalling actually
decreases the RB level in VSMCs, which is abrogated by miR-17
inhibitor. These data support that proliferation of VSMCs is
regulated by activation of the NF-kB p65/miR-17/RB pathway.
The transcription factor NF-kB is activated in and is a master
regulator of the inflammatory response, which is a characteristic
of restenosis. The present findings may provide insight into the
mechanism responsible for the excessive proliferation of VSMCs
under inflammation during restenosis, adding to the regulation
of proliferation of VSMCs by the Smad3/miR-17-92/BMPR2
pathway (23) and thrombospondin-1-mediated downregulation
of the miR-17-92 cluster (24) in pathophysiological conditions,
including restenosis, atherosclerosis and pulmonary artery
hypertension. miR-17 may be a potential novel target for the
treatment of restenosis.
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